Design strategies to assemble dissipative building blocks are essential to create novel and smart materials and machines. We recently demonstrated the hierarchical self-assembly of phoretic microswimmers into self-spinning microgears and their synchronization by diffusiophoretic interactions [Aubret et al., Nature Physics, 2018]. In this paper, we adopt a pedagogical approach and expose our strategy to control self-assembly and build machines using phoretic phenomena. We notably introduce Highly Inclined Laminated Optical sheets microscopy (HILO) to image and quantify anisotropic and dynamic diffusiophoretic interactions, which could not be observed by standard fluorescence microscopy. The dynamics of a (haematite) photocalytic material immersed in (hydrogen peroxide) fuel under various illumination patterns is first described and quantitatively rationalized by a model of diffusiophoresis, the migration of a colloidal particle in a concentration gradient. It is further exploited to design phototactic microswimmers, that direct towards the high intensity of light, as a result of the the torque exerted by the haematite in a light gradient on a microswimmer. We finally demonstrate the assembly of self-spinning microgears from colloidal microswimmers by controlling dissipative diffusiophoretic interactions, that we characterize using HILO and quantitatively compare to analytical and numerical predictions. Because the approach described hereby is generic, this works paves the way for the rational design of machines by controlling phoretic phenomena.
Introduction
The self-assembly of individual building blocks into functional units is a fundamental goal of science and engineering. Progress has been made in the assembly of colloidal particles into isotropic, chiral, and directional equilibrium structures 1 using DNA origami 2, 3 , entropic forces 4 , anistropic particles 5, 6 , or field induced interactions [7] [8] [9] [10] . The resulting equilibrium structures are however static, unless an external force is applied, for instance, with optical tweezers 11 or magnetic actuation 7, 12, 13 . Dissipative self-assembly that consume energy alternatively allows architectures to be dynamical and reconfigurable 14, 15 , a desirable feature for advanced materials. Synthetic examples of dynamics self-assembly were initially limited to macroscopic systems 16, 17 but recent progress in colloidal science has made available self-propelled colloids (or microswimmers) [18] [19] [20] [21] that are self-driven and convert available free energy into motion. They enabled the rise of Active Matter as a field and the exploration of emergent phenomena: dynamic phase transition, clustering, living crystals, or flocking, as examples of self-organization 14, 22 as well as the field-driven phase-behaviors of collective assemblies 23, 24 . The design of structures made from microswimmers is however missing 14, 15 , highlighting the lack of simple design rules in dissipative self-assembly 25, 26 . Templated assembly has been used to tackle this issue and guide assembly, by using boundaries to direct swimmers 27, 28 , resulting in rectified motion [27] [28] [29] [30] [31] and exploited to actuate asymmetric microgears 32, 33 . However, it relies on preliminary microfabrication and show limited flexibility or control on the assembly. An alternate approach uses light patterns to encode information [34] [35] [36] [37] [38] [39] , in place of mia Department of Physics, University of California, San Diego, USA; E-mail:
aaubret@ucsd.edu croscopic templates. It is highly flexible as the the spatiotemporal modulation of illumination tunes the velocity of particles, and subsequent density 40, 41 , with a micron-resolution and can conveniently be switched on and off 42 . The superimposition of light gradients can direct the motion of particles, as for biological cells 43 , self-electrophoretic nanotrees 44, 45 , or photocatalytic symmetric 37, 46, 47 or Janus 38, 48 microswimmers. In this paper, we show how light patterns can be used with photocatalytic particles to control the phenomenon of diffusiophoresis, the motion of a colloidal particle along a gradient of chemicals 49, 50, [50] [51] [52] [53] . It enables the design of anisotropic and dynamic diffusiophoretic interactions that guide the robust and faithful assembly of phototactic microswimers into autonomous self-spinning microgears. We present a step by step approach starting from a simple photoactive building block and ultimately forming a complex spinning micromachine. First, we propose a simple design to engineer phototactic microswimmers using conventional colloidal particles and a photoactive haematite component. Next, we harness the light sensitivity of those particles to trigger their self-assembly in a controllable and robust manner. Guided by light patterns, serving as cues, the swimmers autonomously form chiral rotors, which sustain under uniform illumination. The rotor constitutes a dissipative building block that creates a repulsive, anisotropic potential of diffusiophoretic origin, which we characterize using Highly Inclined Laminated Optical sheets microscopy (HILO). The results agree with analytical and numerical predictions of a simple model of a rotor forming a hexapolar sink of fuel. Our results demonstrate the hierarchical construction of machines from machines by taking advantage of phoretic phenomena and light to direct self-assembly. A) SEM image of a haematite particle. Scale bar is 500 nm. B) Isotropic phoretic repulsion of 20 nm fluorescent beads around a haematite particle tethered on the surface of a capillary, under uniform blue (λ = 395 nm) excitation. The density of fluorescent beads (blue circles) decays when approaching the haematite particle, and follows eq.(2) (red line), with α = 64 µm 3 /s. Inset: repulsion of FB in the XY plane. The red cross locates the haematite particle (scale bar 5 µm). C) Isotropic intensity profile generated with a slightly defocused blue laser spot (λ = 404 nm), after azimuthal averaging, used for analyzing the response of haematite in a gradient of light. An asymmetric fuel consumption is generated at the surface of the haematite, triggering its motion at speed V h by self-diffusiophoresis. D) Recorded speeds of haematite particles in the intensity gradient shown in C), at excitation power of P=0.16 mW (blue triangles) and P=1 mW (red circles). The velocity is adjusted with eq.(3) (solid blue line and dashed red line) from the measured intensity profile and using constant saturation intensity (see main text). Inset : trajectories of individual haematite particles, isotropically repelled from the laser spot (red dot), at P= 1mW.
sponse of haematite micrometric particles (size ∼ 0.5 − 1 µm) immersed in a solution of H 2 O 2 under various illumination patterns (Fig.1A , see Methods for sample preparation).
Tethered haematite in uniform illumination
We study the effect of fuel consumption of a single haematite under uniform illumination and examine the diffusiophoretic behavior of colloidal beads in presence of a gradient of concentration fuel. We first tether a haematite particle on the surface of a capillary and introduce a solution (pH∼ 6) containing 20 nm nile red fluorescent beads, which small size warrants a quick equilibration. In standard epifluorescence microscopy, the entire upper space is excited, resulting in strong background fluorescence and hindering the observation of near-field phoretic interactions (see Methods and Fig.6D ). To overcome this problem, we use Highly Inclined and Laminated Optical sheet microscopy technique [55] [56] [57] (HILO, or near-TIRF) that narrows the observation space to a thin slice near the bottom of the capillary, where the particles sits (see Methods). In brief, the technique involves a setup similar to Total Internal Reflection Fluorescence microscopy (TIRF), with the beam forming an angle slightly smaller than the critical angle. It results in a highly inclined beam that excites only a few microns above the substrate, and allows us to analyze the density of the fluorescent beads around a haematite. In the absence of blue illumination or H 2 O 2 fuel, the concentration of fluorescent beads is uniform. However, we an exclusion zone appears near the haematite particle when it is photo-activated by blue light: the beads are phoretically repelled and drift away from the haematite in the isotropic gradient of H 2 O 2 consumption (Fig.1B ). The concentration c of H 2 O 2 obeys the Laplace equation ∆c = 0 with a sink placed at the position of the haematite, r = 0 giving c(r) ∝ 1/r. A colloidal particle placed in a chemical gradient exhibits a diffusiophoretic migration with a velocity v DP = D DP ∇c, with D DP the phoretic mobility, which depends on the particle-solvent interaction 49 . For the tethered haematite, we predict a phoretic repulsion for a fluorescent bead at distance r with velocity v DP = α/r 2 . Particles conservation leads to a flux J of density ρ of beads, as the diffusiophoretic repulsion is balanced by thermal diffusion:
with D c = 18 µm 2 /s the thermal diffusion coefficient of the beads. At steady state, J = 0, further integrating eq.(1), the radial intensity profile in the 2D (XY) plane is:
This is analogous to an effective Boltzmann distribution of the beads in the repulsive potential U(r) ∝ c(r) = α/r. We use eq.(2) to adjust our data using ρ 0 and α as fitting parameters, and find an excellent agreement for α = 64 ± 10 µm 3 /s (Fig.1B) . A haematite particle acts as a sink of H 2 O 2 and repels the surrounding particles by diffusiophoresis.
Untethered haematite under light gradients
Untethered haematite in uniform light exhibit random diffusive motion. Following, we study the behavior of untethered haematite particles in light gradients (see supplementary movie S1) by using a slightly defocused laser spot projected on the bottom surface of the sample (Fig.1C , λ = 404 nm, see Methods). We initially locate haematite particles in the sample and place the laser in their vicinity. We then turn it on, and immediately start recording: the particles are isotropically repelled away from the laser spot. We repeat the experiment over several dozens of individual haematite particles and extract the evolution of the speed in the radial direction. The procedure is repeated for 5 different intensities, ranging from 0.03 mW to 1 mW (peak intensities of ≈ 0.06 to 2 µW/µm 2 ). The recording is stopped once most of the particles have left the field of view. The positions are averaged over 1s and the speed is calculated as a function of the position for each particle. We average the data over ≈ 30 haematite particles for each intensity profile, measured and quantified independently (Fig.1C , see Methods). The particles travel radially along the light gradients, migrating towards lower intensities. The speed decreases with increasing distance from the laser, as presented in Fig.1D . As the reaction rate of decomposition of H 2 O 2 depends on the light intensity, the light gradient induces gradients of reaction rates at the surface of haematite, leading to a phoretic velocity V ∝ ∇ν 53 (Fig.1C) . The photoactivity of haematite is proportional to the absorbed intensity I abs , which saturates at high intensity I h sat : I abs ∝ I/(1 + I/I h sat ). We subsequently obtain the phoretic velocity for the untethered haematite particle:
where, χ, respectively I h sat , are adjustable parameters characterizing the phoretic response of the particle, respectively its absorption properties. The saturation intensity I h sat is a material property, independent of the illumination intensity as the experiment is performed in a reaction-limited regime 58 . By measuring the intensity profile I(x), we compare our model with the measured velocities and observe a good agreement with eq.(3) for I h sat ∼ 75nW/µm 2 (see Fig.1D ). The agreement holds over 2 orders of magnitude for the illumination, ranging from 0.03 to 1 mW without altering I h sat .
Design of a phototactic swimmer
We take advantage of the response of haematite to light gradients to design phototactic Janus microswimmers, consisting of an inert polymer bead (3-(trimethoxysilyl)propyl methacrylate, TPM, Sigma Aldrich), from which a haematite particle is extruded (see Fig.2A ) 18, 19 , forming a swimmer with fore-aft asymmetry and typical length l = 1.8 µm. We introduce the swimmers in a capillary containing a 6% solution of hydrogen peroxide, they sediment close to the surface and the observations are performed in this plane. In the absence of illumination, the particles undergo thermal motion and do not self-propel.
Microswimmer in uniform light
We analyze the behavior of the swimmers under uniform light and record their trajectories for various intensities (Fig.2B ). The swimmers self-propel with the bead heading, in line with our previous observations that beads migrate toward the high concentration of H 2 O 2 by diffusiophoresis 20, 49, 50, [50] [51] [52] [53] (Fig.1B) . The swimmers exhibit persistent random walk : they travel in straight lines before thermal fluctuations randomize the direction of the motion on a timescale τ r , the rotational diffusion time . The Mean Square Displacement (MSD) (∆L) 2 at time ∆t is extracted as 52, 59 :
with D s the diffusion coefficient of the swimmers at equilibrium (no illumination), and V s their speed. We measure D s from equilibrium experiments with 289 swimmers, and find a value of D s = 0.3 ± 0.1 µm 2 /s. Following, we extract the rotational diffusion D r = 3D s /4R 2 = 0.3 ± 0.1 rad 2 /s, and the corresponding rotational diffusion time τ r = 1/D r ≈ 3 s. We adjust the MSD curves with eq.(4), using V s as the only fitting parameter and obtain the dependency of the phoretic speed on the intensity (Fig.2B ).
The velocity increases rapidly at low intensities, and saturates at higher intensities:
where I sat and V sat are the illumination and speed at saturation, respectively. A good agreement is found with the experiment for V sat = 21 µm/s and I sat ∼ 50 nW/µm 2 at λ = 395 nm (see Methods), which is consistent with the saturation value for the illumination extracted for the haematite alone, I h sat ∼ 75 nW/µm 2 , at a slightly different wavelength λ = 404 nm.
Microswimmer in light gradients
The behavior of the swimmer qualitatively changes in nonuniform light, as they migrate towards high intensities for any given intensity profile ( Fig.2C and supplementary movie S2), a dynamics akin to the phenomenon of phototaxis. In order to quantify the phototactic response, we record the motion of the microswimmers using the same excitation profiles (intensity and spatial distribution) that we used for the haematite alone in section 2 and achieved by shining a laser spot in the absence of any uniform background illumination. The swimmers travel radially, cross near the center of the laser spot and reverse direction to reorient along the light gradient, towards the center. Note that a similar motion has already been observed for thermophoretic particles oriented by scattering forces around a high intensity laser spot 60 . Here, we understand the behavior as a result of the torque exerted on the rest of the swimmer by the haematite, which phoretically migrates towards low intensity of lights (see Fig.2C ). To test this hypothesis, we quantitatively compare the observed trajectories with a model of a self-propelled particle experiencing a torque from its back part (the haematite), and using measurements independently obtained for swimmers in uniform light and A) SEM image of the phototactic swimmer, which consists of a haematite particle extruded from a colloidal bead. Scale bar is 1 µm. B) The swimmer exhibits persistent random walk under homogeneous illumination with a velocity (blue circles) tuned by the light intensity (I max = 550 nW/µm 2 ). The red line is a fit using eq. (5), and I sat = 50 nW/µm 2 . Inset shows the Mean Square Displacement (∆L)
2 of swimmers at equilibrium (no illumination, blue circles) and under illumination (red triangles), at I/I max = 10 −2 . Solid lines are fits with eq.(4). For I = 0, we get D s = 0.3 ± 0.1 µm 2 /s. C) Scheme of the phototactic mechanism. As the haematite is phoretically repelled from higher intensities of light, it exerts a torque M h on the composite swimmer, which orients itself along the gradient. The blue spot represents the laser used in the experiment and the notations are the ones used in the main text to quantify the phototaxis. D) Evolution of the speed V s (I) of individual swimmers under the same excitation profile and intensities as for the haematite in section 2, (I max = 1200 nW/µm 2 ). The solid line follows eq.(5), with V sat = 24 µm/s and I sat = 75 nW/µm 2 . Inset shows the trajectories of the swimmers around the laser spot. Scale bar is 5 µm. E) Density of Probability of Presence of the swimmers (PDF) at distance r from the center for 3 different excitation powers (black circles). It shows a reasonable agreement with our simulations of ABP , notably the range of the trajectories, without any adjustable parameter (solid red lines, see main text).
haematite particles alone. We first reconstruct the trajectories to extract the speed V s (r) of the swimmers at distance r from the center of the laser spot, and subsequently obtain the intensity dependence V s (I), under the specific excitation profile (Fig.2D) . The data for the speed of a microswimmer follows eq. (5), with I sat ∼ 75 nW/µm 2 , and V sat = 24 µm/s. We estimate the orienting torque acting on the swimmer from the velocity of the haematite and the parameter χ of eq.(3).
Using the values we measured for χ, I sat = 75 nW/µm 2 , and V sat = 24 µm/s, we simulate the trajectories of the swimmers for each investigated intensities with a standard model of Active Brownian Particle (ABP) 14, 22 . We consider the instantaneous velocity of the swimmer depending only on the local value of the intensity : V s = V s (x, y). A swimmer at time t is situated at the position (x, y), with orientation u ϕ forming the angle ϕ with the x-axis, in the reference frame centered at (0, 0) on the laser spot (Fig.2C) . The haematite component generates a torque M h on the swimmer, which pivotes around its vertical axis:
where γ = 6πRη is the viscous drag coefficient (η the dynamic viscosity of the water). The velocity of the haematite alone is radial and writes V h = V h u r , and is given by eq.(3) for a specific intensity profile. We write the Langevin equations for the motion of the swimmer in the (XY ) plane as:
with ζ a noise term with zero mean and variance, such that < ζ (τ)ζ (τ + t) >= δ (t). We plot the radial density of probability of presence of the swimmer in Fig.2E , and find a good qualitative agreement with the experimental data (Fig.2E ). In the absence of any fitting parameters, we notably reproduce the spatial extension of the trajectories around the laser spot. Discrepancies between the simulations and the experiment arise at short distance r, where the focus of the laser is intense (I ∼ µW/µm 2 ). Scattering of light by haematite, repelled from the center by radiative pressure and H 2 O 2 decomposition due to the UV light could both lead to repulsion away from the laser sport, which we did not attempt to capture in our model. It offers a simple route to design self-propelled particles whose motion is controlled by light patterns.
Guided self-assembly using light patterns
In this section, we describe the use of light patterns to guide and trigger the self-assembly of microswimmers into self-spinning microgears (see supplementary movie S3). We start from a dilute sample of phototactic microswimmers under uniform illumination. They travel along the substrate and the density Φ s ∼ 10 −3 part/µm 2 is too low to observe formation of clusters by Motility Induced Phase Separation (MIPS) 61, 62 . Following, we superimpose a focused laser spot to locally increase the density of particle and trigger collision. Responding to the light gradient, the swimmers direct their motion towards the laser spot, where they meet, collide, and eventually form a self-spinning microgear. It is composed of 7 particles, consisting of one central swimmer with the haematite pointing up, surrounded by 6 close-packed particles facing the central one. The peripheral swimmers collectively orient in the same direction, setting chirality and rotation of the assembly. Once the structure is formed, the laser can be switched off and the microgear is stable and spins under homogeneous illumination (see Fig.3A ).
Microgears self-assembly
Haematite scatters in the blue leading to shadowing 46 that sets a vertical gradient of H 2 O 2 . This effect is usually negligible but becomes significant at higher intensity of light when it can pro- duce phoretic lifting. Subsequently, as the particle meet and collide close to the laser spot, one of the microswimmer is flipped as the haematite component is phoretically lifted up by the laser light. The swimmer sits vertical, facing the substrate and pushing against the wall of the bottom substrate. It induces a pumping flow 63, 64 , that attracts neighboring swimmers into hexagonal closed-packing. After formation, the structure is stable and the laser can be switched off. The rotors remain as long as the uniform illumination of the background allow the particles to consume fuel. Each haematite part of the microswimmers in the structure constitutes a chemical sink of H 2 O 2 that interacts with the neighboring swimmers (see section 2). The diffusiophoretic repulsion between the polymer spheres and the haematite components of the peripheral swimmers induces the collective tilt and orientation of the particles in the shell, setting the chirality and the spinning of the structure. Moreover, the repulsion prevents the formation of an second layer of peripheral swimmers and additional particles spontaneously detach, warranting the fidelity and robustness of the self-assembly (see supplementary movies S3, S4).
Rotors dynamics
We start by forming isolated rotors , superimposing a laser spot to a uniform illumination background, with P > 1 mW the minimal power of the laser (spot size of 0.5 -5 µm) to trigger the selfassembly. Once the rotor is formed, we track the motion of all particles forming the microgear, and reconstruct their individual trajectories. The experiment is repeated for multiple independent rotors and intensity of light to study the dynamics. The center of mass of individual rotors exhibits a diffusive behavior in uniform light, with diffusion D R = 0.4 ± 0.1 µm 2 /s (Fig.3E ). This value is higher than the diffusion constant expected from a passive particle of this size (R ≈ 3 µm) and arises from active noise. The center of the rotors can moreover be optically trapped by a low intensity red laser (λ = 685 nm, P ∼ 10 − 100 µW) to suppress the random motion in the center of mass (Fig.3E-Inset) , without further disturbing the system as haematite is weakly absorbing in the red wavelength, which has negligible effect on the photocatalytic activity. The angular speed of the rotation is tuned by the light intensity and reflects the change of translational speed of the swimmer V s with a ∼ π/4 incline: ωR/V s ∼ √ 2/2 ( Fig.3B) . At low rotation rate (ω < 3 rad/s), thermal fluctuations can flip the direction of the spinning, but the magnitude of the speed of the rotor remains constant (Fig.3C) . Further reducing the intensity reduces the stability of the rotor, which breaks back into 7 individual microswimmers. At higher speeds (ω > 3 rad/s, Fig.3D-Inset) , the rotors are robust and the motion is persistent over the duration of the experiment (>20 min). The handedness is random, and we measure 49.85% clockwise and 50.15% of counter clockwise for 1017 rotors. We quantify and analyze the angular dynamics of the rotors. Assuming a δ correlated gaussian noise ζ (t), the phase Φ follows the Langevin equation 65, 66 :
with ω the mean angular speed, and D Φ the rotational diffusion coefficient of the rotors. From this, we compute the angular fluctuations ∆Φ ′2 = 2D Φ t with Φ ′ = (Φ − ωt) by analyzing the angular dynamics of 12 individual rotors with the speed ω extracted as the mean value of the angular speed. The ensemble average is linear in time, as shown in Fig.3D and gives an amplitude for the angular noise, D Φ = 0.03 ± 0.01 rad 2 /s, comparable with the translational diffusion measured for the center of mass of the rotors, stressing their common active origin. Linking the translational and angular active noise as given by the Stokes Einstein relation in an equilibrium system, we find that the temperature of the active bath reaches T ≈ 1700K 59 . We further use the blue laser to generate light gradients and manipulate rotors (see Fig.3F ). First, the rotors assemble and spin under uniform light. Then, we switch on the blue laser to superimpose a light gradient. The swimmers inside the rotors reorient by phototaxis without breaking the microgear. A slow migration at ∼ 1 µm/s towards the laser spot follows, without breaking of the rotor, showing their robustness under manipulation. The overall properties of the rotors are all summarized in Fig.3 . As the rotors consume fuel and alter their surrounding, we are now interested in measuring and quantifying the dissipative diffusiophoretic interactions.
Anisotropic and dynamic diffusiophoretic interactions
We model our system to quantify the strength and shape of the diffusiophoretic interactions around a rotor and compare with experimental measures. To this end, we use HILO microscopy to image and quantify the effective interaction created by a rotor on neighboring particles. We stress that the system is in the so-called low Péclet regime Pe ∼ ωR 2 /D ≪ 1 as the diffusion of chemicals, with diffusivity D, is fast compared to the rotation of the rotors. It allows us to consider the equilibration of the cloud of chemicals as instantaneous and the concentration field of H 2 O 2 steady in the rotating frame of the rotor.
Analytical solution
We first derive an analytical expression considering a simplified model. We model the rotor by a sphere, with a surface activity ν(r = R s , θ , φ ) in spherical coordinates. The modulation of surface activity ν reflects the positioning of the haematite on the periphery of the rotor. The concentration c of H 2 O 2 follows 53 :
We expand the concentration on a basis of spherical harmonics Y m l (θ , φ ). For a surface activity of the form ν(
, we get from (9):
The decay of the concentration is given by the multipolar order of the surface activity. We prescribe a surface activity ν(θ , φ ) = ν 0 (1 − sin 6 θ cos 6φ ), where the hexapolar symmetry of the rotor is given by cos 6φ term and sin 6 θ confines the activity to the plane of the rotor. It conveniently gives ν ∝ Y 6 6 (θ , φ ) + Y −6
6 (θ , φ ), such that only l = 0, 6 remain in the series expansion of eq.(10) so that:
which we write
with α ′ = ν 0 R 2 /Dr and ε ′ = ν 0 R 8 /7Dr 7 . The parameter α ′ represents the amplitude of the long-range radial diffusiophoretic interaction, while the strength of the azimuthal interaction is given by ε ′ . They can be experimentally extracted by measuring the density profile of fluorescent beads around a rotor, and according to the model, their ratio is ε ′ r 6 /α ′ R 6 = 1/7. Using particles to probe the diffusiophoretic interactions, as we will do in the experiment (see sec. 5.3), the conservation of number of probes follows eq. (1) at (r, θ , φ ). At steady state, J = 0, it leads to the following expression for the density ρ of probe particles:
For later convenience, we define:
for θ = π/2 (XY plane of the rotor). This quantity will serve to experimentally evaluate ε ′ (r) ∝ 1/r 7 , as we shall see.
Numerical simulations
We numerically solve the steady diffusion equation meable wall constituted by the bottom surface of the capillary in the experiment. The concentration is set at 1 at infinity in upper space using Infinite Element Domain (COMSOL) to simulate infinite boundary conditions in a spherical coordinate system. We first extract the concentration profile in the radial direction after azimuthal averaging in the XY plane, and measure a 1/r decay (see Fig.4A-B) . We then extract the azimuthal dependence of the concentration and calculate δ c(r, φ ) = c(r, θ = π/2, φ ) − c(r, θ = π/2, φ ) φ . For each radial distance r, δ c(φ ) curve show a cosine shape (Fig.4C) , from which we extract the amplitude ε ′ sim (r) = [δ c max − δ c min ] /2 . The evolution of ε ′ sim (r) is shown in Fig.4B , where it decays as 1/r 7 . In particular, we extract the ratio ε ′ (r)r 6 /α ′ R 6 = 0.18 ± 0.04 for 1 < r/R < 4, in excellent agreement with the analytical model and eq. (11), which predicts ε ′ r 6 /α ′ R 6 = 1/7 ≈ 0.14.
Optical imaging of the concentration field
We aim at comparing our predictions for the diffusiophoretic interactions with experimental measurements. We visualize the effective interaction around a single rotor by dispersing 20 nm nile red fluorescent beads in the solution that exhibit diffusiophoretic motion in H 2 O 2 gradients (Fig.4D and setup description in the Methods section). We first form a rotor, that we optically trap with a red laser to pin its center and suppress the random motion of its center of mass (see Methods). We lower the intensity of the illumination to slow down the dynamics of the rotor and let the time of the fluorescent beads to equilibrate, in order to image the -steady-density profile in the reference frame of the rotor. We use a home-built HILO microscopy setup (see Methods) to visualize a slice of a few µm above the substrate and suppress the bulk background fluorescence (see Methods). Care was taken to carefully align the trapping laser with the center of the HILO illumination, where the depth of the excitation field is minimal. We then excite the beads and record their fluorescence during 1 s time intervals, imposing dark periods of 4s between successive excitation cycles. This prevents strong photo bleaching of the area around the rotor, as the small beads have time to diffuse away during the dark periods. The sequence is repeated for 10 cycles, or when the rotor breaks. We record the background fluorescence in independent experiments under the same excitation conditions and correct accordingly. We analyze the movies by measuring the instantaneous fluorescence profile around a rotor in the rotating frame (r, φ ). Averaging over all the frames, we obtain the intensity profile (Fig.4D) , further averaged over φ ∈ [0; π/3] using the symmetry of the rotor. In the far field, the concentration of fluorescent particles follows ρ = ρ 0 e −α/(D c r) as prescribed in eq.(2) for a sink of H 2 O 2 , c ∝ 1/r (Fig.4E) . We extract the amplitude of the radial phoretic repulsion α = 120 ± 30 µm 3 /s, in line with the results from the experiments realized with haematite alone and the same fluorescent beads (section 2). In the near field, 1<r/R<2, the concentration field is hexapolar and we investigate the azimuthal gradient of concentration by computing the experimental values for σ φ = ln ρ(r, φ ) − ln ρ(r, φ ) φ . We observe a small modulation of the amplitude in the interval [0; π/3], for distances r ∼ 3.2−6.7µm (Fig.4F) , with the maximal repulsion near the haematite. by the analytical model [eq. (14)], we adjust the data with the function ε ′ exp cos(6φ + φ 0 ) using ε ′ exp and φ 0 as fitting parameters and repeat the procedure for different distance r to the center of the rotor, giving ε ′ exp ∝ 1/r 7 ( Fig.5) , as predicted by eq. (13) . We further compare the experimental value with the estimate from the numerical simulations using ε ′ sim (r)r 6 /α ′ R 6 = 0.18 ± 0.04 (section 5.2) and α = 120 µm 3 /s, showing an excellent agreement without adjustable parameters (Fig.5) . Further, those interactions can be used to synchronize multiple rotors and in fact, the results hereby described with probe particles agree with the phoretic coupling parameter extracted in ref. 67 for interacting rotors. They confirm diffusiophoresis as a powerful tool to shape and program interactions with a quantitative control.
Conclusion
We demonstrate the successful building of hierarchical structures from a simple type of dissipative building block. To this end we harnessed diffusiophoretic interactions to guide the self-assembly and encode the dynamics. Starting from a photoactive material, the haematite, we designe phototactic microswimmer that migrate toward high intensity of light. They spontaneously assemble into self-spinning microgears, that rotate and sustain in the absence of any feedback from the operator. We introduce an optical method -HILO microscopy -as a novel tool to characterize phoretic interactions. The method is generic and can be implemented to image phoretic interactions around (self)-phoretic swimmers. It reveals anisotropic, periodic near field modulations of the chemical cloud around rotors, which amplitude compares with both numerical simulations and a simple analytical model. Our rational design of machines from machines shows the opportunities offered by phoretic phenomena to control dissipative self-assembly, and paves the way to further study collective effects in large assemblies of spinning structures.
Materials and Methods

Sample preparation
The samples are prepared at low particle density Φ s ∼ 10 −3 part/µm 2 . Particles are diluted in a 6% solution of hydrogen peroxide H 2 O 2 (Fisher Scientific H325-500) in deionized water (Milli-Q, resistivity 18.2 MΩ). The solution is then injected in a small rectangular capillary (VitroCom 3520-050), and sealed with capillary wax (Hampton Research HR4-328). All the capillaries are previously subjected to plasma-cleaning (Harrick Plasma PDC-001) and rinsed thoroughly with deionized water. As the particles are non-buoyant, they sediment near the bottom surface of the capillary, and observation is made in this plane on an homebuilt microscope. Synthesis of the particles is described in details in the supplementary information of ref. 67 .
Measurements of intensities
-To extract the intensity profile of the blue laser in sections 2 and 3, we deposit fluorescent beads (Lifetechnologies F8888, diameter 20 nm) on the surface of a capillary, and fill it with water to obtain the fluorescence intensity pattern along the radial direction after azimuthal averaging. -The maximum power from LED2 arriving on the sample is measured to be of the order of ∼ 10 mW, on an area of roughly 150 × 150 µm 2 . This corresponds to an intensity I max of ∼ 500 nW/µm 2 . We find I sat /I max = 9% and thus I sat ∼ 50 nW/µm 2 . -For the blue laser, the shape of the intensity profile in Fig.1C is used to compute the peak intensity for a 1 mW power, and gives I peak = 2000 nW/µm 2 . From the experiments, we extract I sat = 75 nW/µm 2 .
Optical setup for rotor creation
The custom optical setup is represented on Fig.6A . The sample is observed with optical microscopy on an inverted microscope and with bright field transmitted illumination (LED1). A LED is set up in the blue range (LED2, λ = 425 − 500 nm, Lumencore SOLA 6-LCR-SC) and uniformly illuminates the sample on a large area (up to 300 × 300 µm 2 ) to trigger the photo-catalysis of haematite, after being reflected on an appropriate dichroic mirror. A laser diode source L1 (λ = 404 nm, Thorlabs L404P400M) is superimposed to the homogeneous excitation profile. It is focused in a multimode (MM) optical fiber F1 (Thorlabs M42L02), re-collimated at the output, and reflected on a manually adjustable mirror (A.M). The beam is then reflected on a dichroic mirror (Thorlabs DMLP425R) before being focused on the sample through a high Numerical Aperture (NA) oil-immersion objective (Nikon 60x, NA=1.4). The adjustable mirror allows to steer the laser spot along the surface of the sample and select the location for rotor formation. Furthermore, an electronic shutter (Thorlabs SHB1T) on the optical path enables switching ON and OFF the laser spot. The sample is mounted on a manual micrometric stage (Nikon Ti-SR). We observe the image of the sample through the 60x objective on a monochrome CCD camera (Edmund Optics EO-1312M), with a set of appropriate optical filters. Acquisitions are performed at typical rates of 20 − 100 fps.
Optical setup for HILO microscopy
HILO microscopy
We modified the optical setup presented in section 7 to analyze the phoretic repulsion of fluorescent beads around a haematite and a rotor (Fig.6B) . We used Highly Inclined and Laminated Optical sheet microscopy (HILO, also called near-TIRF) to visualize the fluorescence in a thin slice (∼ few µm) above the surface [55] [56] [57] . The setup is similar to a Total Internal Reflection Fluorescence Microscopy setup. In HILO microscopy, the beam arrives at an angle slightly smaller than the critical angle, such that the beam is highly inclined, and not totally reflected. This results in the illumination of a thin slice with a width of typically a few microns 55 (Fig.6C-D) and therefore much lower background fluorescence compared to epifluorescence microscopy, as exemplified in Fig.6D. 
Optical setup
We used nile red fluorescent beads (F8784, ThermoFisher Scientific) to image the concentration profile, so that excitation at ∼ 520 nm for fluorescence at ∼ 575 nm can be done without activating the haematite, weakly absorbing at this wavelength. The blue laser light is replaced by a 520 nm laser light source L2 (PL520, Thorlabs, 50 mW) and focused in a single mode fiber F2 (SM, Thorlabs, P1-460B-FC-2) so that the resulting output beam mode is gaussian. The beam is collimated again, and sent in a 2D galvanometric mirror system (G.M, Thorlabs GVS212). Using a long-focal achromatic lens (300 mm), the beam is focused at the back focal plane of a TIRF objective with high numerical aperture (apo-TIRF, x100, NA=1.49, NIKON). The output beam from the objective is collimated, and its angle with the surface of the sample is adjusted by controlling the orientation of the galvanometric mirror, addressed in real time through an acquisition card (NI USB-6343) with a home-made user-controlled interface developed under Labview 2017. In particular we impose a high frequency (100 Hz) oscillatory motion of the mirror to scan over 2π the entrance pupil of the objective with the laser beam. This technique guarantees an isotropic illumination profile. We form the rotors by changing the wide-field excitation pattern of LED2 using a movable lens (ML). The swimmers migrate toward the high intensity area, so that reducing the size of the light spot increases the density and eventually triggers the formation of the rotor. Adjusting the position of the lens back to its original position disperses the swimmers again in a homogeneous intensity profile and keeps the rotor active. Finally, a red laser L3 (λ = 685 nm, Thorlabs, HL6750MG, 50 mW) is added to the setup to trap the rotors. The beam is focused in a single mode fiber F3 (SM, P1-630A-FC-2), recollimated at the output, and reflected on a shortpass dichroic mirror (Thorlabs, DMSP650R). The position of the beam is carefuly adjusted and centered on the HILO excitation pattern. We observe the fluorescence of the beads on a fluorescence camera (Photometrics Scientific, Coolsnap HQ2), with a resolution of 0.168 µm/pixel, and with an integration time of 50 ms. A flip mirror (F.M) is inserted on the detection path to switch between viewing of the fluorescence or the bright field image on the CCD camera, using sets of appropriate spectral filters for each camera. The overall setup allows to form and trap a rotor, and to observe its near-field concentration cloud through HILO microscopy.
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